The synthesis parameter space of bismuth catalyzed germanium nanowires by chemical vapor deposition is determined. The process window for high aspect ratio nanowires is found to be extremely narrow. The optimal conditions are found to be 300°C and 150 Torr gas pressure. For lower temperatures, the solubility of Ge in Bi is too low for the nucleation of Ge nanowires to occur. For higher temperatures, small Bi droplets tend to evaporate leading to an extreme reduction in the nanowire density. The extremely low process temperature makes Bi a good candidate for its growth on low cost and low thermal budget substrates such as plastics. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3116625͔
One-dimensional semiconductors such as quantum wires, nanotubes, and nanowires ͑NWs͒ offer exciting possibilities in future high-density electronic circuits, biochemical sensing, nanophotonics, and energy harvesting applications. [1] [2] [3] [4] [5] [6] [7] Of all semiconductor materials, germanium ͑Ge͒ is particularly interesting. It possesses a higher carrier mobility than silicon because of the smaller effective mass. [8] [9] [10] Moreover, Ge has a smaller bandgap lying in the infrared at 1.8 m, which is desirable for some detector and solar cell applications in which absorption at longer wavelengths is desired. The excitonic Bohr radius of Ge ͑24.3 nm͒ is five times larger than that of Si. As a consequence, quantum confinement effects such as changes in the band structure are easier to observe in Ge than in Si. This, combined with quantum confinement, doping and strain effects that could render it as a direct semiconductor, makes Ge extremely attractive for optical telecommunication applications. 11 One of the most common synthesis method used for the fabrication of NWs is the vapor-liquid-solid method ͑VLS͒, in which a metal catalyst is used to gather and preferentially decompose the growth precursors. Successful growth of NWs has mainly relied on the use of gold ͑Au͒ as a catalyst. [12] [13] [14] [15] [16] One important issue for NW synthesis is to find alternative catalysts. Au is a deep level impurity in Si and Ge that significantly degrades the carrier mobility and causes fast nonradiative electron-hole pair recombination. 5, 17, 18 For this reason it is strongly desired to find alternative metals to Au that are complementary metal-oxide-semiconductor compatible. 18, 19 From this point of view, Bi is an interesting candidate because of its low eutectic point ͑271°C͒, shallow doping level, and extremely low solubility in Ge. 20 Synthesis of Ge NWs employing Bi as a catalyst has been recently achieved. 21 The growth was achieved by high temperature sublimation of Ge powder on a transmission electron microscope grid. The processing conditions leading to NW growth have not been explored yet. In order for Bi to become a reliable catalyst for Ge NW growth, it is extremely important that the growth mechanisms and optimized growth conditions are understood by the scientific community. As will be shown, the challenges in using Bi as a catalyst lie in the facile oxidation of this non-noble metal, extremely low solubility of Ge and high volatility of Bi.
Ge NWs were synthesized inside a standard thermal chemical vapor deposition furnace using germane ͑GeH 4 ͒ as a growth precursor. The substrates were fused quartz wafers covered with 1.5 nm of Bi, which was deposited by electron beam evaporation from a high purity source. Prior to the growth, a 5 min high temperature anneal was performed at 825°C, under a flow of 100 SCCM ͑SCCM denotes standard cubic centimeters per minute at STP͒ H 2 and at a pressure of 30 Torr. 22 The purpose of the annealing step was to reduce the native Bi oxide so that the Bi layer can be exposed to the source gas flow acting as a catalyst for its decomposition. For the Ge NW synthesis, the temperature was lowered and GeH 4 ͑10% in Ar͒ was introduced into the growth chamber. The growth parameter space was studied in a temperature range from 270 to 400°C and at GeH 4 gas pressures between 30 and 300 Torr. No NW growth was observed on bare substrates, eliminating the possibility of catalyst independent NW growth. The NW growth occurrence and morphology was studied by scanning electron microscopy ͑SEM͒.
It is generally accepted that the VLS conditions for NW growth can be deduced from the binary phase diagram involving the catalyst and the material grown. phase diagram is plotted in Fig. 1 . It is a single eutectic with the eutectic temperature at 271°C, which is also the melting temperature of Bi. The eutectic melt is composed of nearly 100% Bi. The liquidus line defines the composition of a Bi-Ge alloy in the liquid state as a function of temperature. For temperatures between 270 and 500°C, the liquidus line is very close to 100% Bi composition, indicating a very poor solubility of Ge. In the nucleation and growth mechanism, the growth precursor diffuses through the droplet to deposit at the solid/liquid interface. 23, 24 For the diffusion to occur, Ge should be soluble in Bi to some extent. The low solubility of Ge implies a difficult nucleation at temperatures close to the eutectic. This differs from what is observed when gold is used as a catalyst. In that case, the solubility of Ge in the eutectic is 72 at. % and synthesis below the eutectic temperature is possible. 25 From the phase diagram alone, it is expected that the NW growth will be the most favorable at higher temperatures, when the solubility of Ge in Bi increases.
There are two other factors that affect the Bi-catalyzed growth of Ge NWs: ͑i͒ the low vapor pressure of Bi and ͑ii͒ the rapid oxidation of Bi in the presence of oxygen. In the following, we explain how these two factors will affect the growth conditions.
The vapor pressure P of an element determines the evaporation rate as a function of the ambient pressure. It increases dramatically when the curvature of the material is increased, 26
where ␥ is the surface tension, M is the atomic mass, r is the radius, is the density, R is the Arrhenius constant, T is the temperature, and P o ͑T͒ is the vapor pressure of a thin film. From this equation, one can deduce that the vapor pressure increases dramatically for droplets of a small radius. The vapor pressure P o of Bi and its temperature dependence has been extensively studied in the past. 27, 28 It has been shown that it does not have a simple Arrhenius behavior from 350 to 1000°C. It is nearly negligible below 350°C and increases for higher temperatures, but not monotonically. It has for example a dip around 825°C. As a consequence, we expect the vaporization of the smallest Bi droplets for temperatures above 350°C, resulting in an optimum growth temperature below 350°C. Moreover, the increase in the vapor pressure may limit the use of higher temperatures for the VLS growth of Ge NWs with Bi as a catalyst. Bismuth oxide hinders the catalytic decomposition of GeH 4 and therefore also the NW growth. One can limit the oxidation of Bi or reduce the oxide by exposing it to a reducing ambient such as atomic hydrogen
It has been shown in literature that the decomposition of molecular hydrogen is enhanced at high temperatures and gas pressures. 29 Consistent with this, we found that catalyst annealing in H 2 at high temperatures and a pressure of 30 Torr is a necessary condition to obtain a high yield of NWs on the substrate. In addition, annealing at high temperatures is necessary for the reduction of Bi 2 O 3 , but this treatment should be kept as short as possible in order to avoid the evaporation of the liquid Bi droplets formed. The temperature of 825°C is particularly suitable for this, as there is a dip in the vapor pressure. 28 It should however be kept as short as possible, in order to avoid the full evaporation of Bi. Without this annealing step, a thin native oxide layer would shield the catalyst, leading to a low yield of NWs. As the synthesis is not realized under ultrahigh vacuum conditions, a small percentage of oxygen is always present in the gas phase. In order to avoid the reoxidation of the Bi droplets, it is important to use conditions in which a certain minimum concentration of atomic hydrogen is ensured. The synthesis parameter space of Ge NWs from Bi as a catalyst was studied. A flow of 1 SCCM H 2 and 50 SCCM of 10% GeH 4 in argon were used. The total pressure was varied between 30 and 300 Torr. For all gas pressures, the growth temperatures of 280, 300, 350, and 400°C were employed. Representative SEM measurements of NW networks obtained at a temperature of 300, 350, and 400°C are shown in Fig. 2 . At the lowest temperature, no NWs were observed for any of the partial pressures. The failure of NW growth is due to the nearly zero solubility of Ge in Bi at temperatures close to the eutectic, as discussed above. From 300 to 400°C, the NW density tends to increase with the gas pressure. This can result from the higher atomic hydrogen concentration, such as the GeH 4 decomposition in Ge and H 2 increases with the gas pressure. The NW diameter and tapering increase dramatically with temperature, as expected from an Arrhenius behavior of chemical reactions. Note that in Fig. 2 the scale bar of each micrograph corresponds to 10 m. Highresolution transmission electron microscopy ͑HRTEM͒ analysis was performed in order to investigate the NW crystalline structure. Figure 3 shows a typical HRTEM micrograph of a NW synthetized at 300°C. The NW exhibits the expected diamond cubic structure, with nearly no defects or stacking faults perpendicular to the NW axis. Further analysis by means of the power spectra obtained on the micrographs indicate that the growth direction is the ͓110͔ axis. The appearance of 1/3͕224͖ reflections on the power spectra and electron diffraction patterns is usually attributed to the presence of twins and other stacking defects parallel to the observed zone axis ͑parallel to the NW axis͒. 30 The NW diameter and surface density as a function of temperature is shown in Fig. 4 . The decrease in NW density and increase in their average diameter could be due to the increase in vapor pressure of Bi at temperatures higher than 350°C. This leads to the evaporation of the smaller droplets and prevalence of the bigger ones, helped by a coarsening effect ͑Ostwald ripening͒. 31 This phenomenon is very extreme at temperatures of 400°C, where the NW growth is only sporadic at the sample surface and the diameter is extremely large ͑on the order of micrometers͒. Also, uncatalyzed decomposition rate of GeH 4 increases exponentially with temperature. Whenever the rate of Ge deposition onto the catalyst surface is larger than the rate of deposited Ge diffusing away from the catalyst surface, many catalysts stop the growth at certain stages leading to conical NWs, as shown in Fig. 2͑c͒ . At temperatures higher than 400°C no NW growth was observed. This is due to the complete evaporation of Bi of the surface. 32 At last, we discuss the origin of NW tapering for the higher temperatures and higher GeH 4 pressures. The tapering of the Ge NWs is characterized by a decreased NW diameter with the distance from the substrate. Aside from the Bi evaporation, tapering in NWs is due to sidewall deposition of Ge on the NW sidewall. The NW sections near the basis are exposed longer and thus grow thicker. Sidewall deposition is possible when GeH 4 is thermally decomposed and its rate increases exponentially with temperature. At higher temperature it turns to be more substantial, explaining that tapering is observed for temperatures higher than 300°C.
As a conclusion, we have shown that the optimal conditions leading to high density, high aspect ratio Ge NWs are 300°C and 150 Torr of gas pressure. At lower temperatures no growth is observed because of the low solubility of Ge in Bi, while at higher temperatures the NW density decreases and the diameter increase. For temperatures higher than 400°C no NW growth is observed, due to the high vapor pressure of Bi.
